I. INTRODUCTION
A promising alternative route to inorganic semiconductor devices is the assembly of organic molecules on surfaces. Planar molecules with extended π -orbitals, like phthalocyanines, adsorb in a flat geometry on surfaces, they assemble in supramolecular ordered structures, and can represent a new class of systems to design electronic devices due to their interesting electronic, optical, and magnetic properties. In particular, transition metal phthalocyanines (MPc) have attracted a lot of theoretical and experimental research, thanks to the possibility of tuning their physical and chemical properties, also involving the design of new opto-electronic devices such as light-emitting diodes, field-effect transistors, solar cells, and spin-based devices. [1] [2] [3] MPcs are π − π conjugated molecules formed by an organic macrocycle composed by four pyrrolic and four benzene rings, symmetrically arranged around a central metal ion. 4 The presence of a transition metal ion characterized by a different filling of the d orbitals, 5, 6 combined with a careful choice of the substrate, strongly influences the properties of the substrate-molecule interface. 7, 8 Long-range ordering can be improved by exploiting the patterning of suitable metallic substrates. Ordered assembling can be obtained either by using metal vicinal surfaces as template, [9] [10] [11] or by depositing the molecules onto naturally patterned surfaces, like the Au(110)-(1×2) reconstructed surface. 12 This metallic surface is widely used as a template a) lorenzo.massimi@uniroma1.it b) carlo.mariani@uniroma1.it to follow a bottom-up approach in the formation of highly ordered molecular films, thanks to the twofold missing-row reconstruction along the [001] direction, that can drive the formation of one-dimensional (1D) molecular chains. 13, 14 MPc adsorption on Au(110)-(1×2) leads to the formation of ordered chains along the [110] direction, with the MPc molecular plane oriented parallel to the surface. 15, 16 The planar orientation, in particular for the first single-layer (SL), is due to an interaction between the metal-phthalocyanine orbitals and the Au electronic levels. [16] [17] [18] [19] Transition metal phthalocyanines with an open shell structure of the central ion molecular orbitals, strongly interact with the metal substrates, affecting the electronic, optical, and magnetic properties of the organic/metal interface, thus influencing the performances of the molecular device. 10, 20, 21 In this paper, we determine the adsorption energy of FePc and CoPc adsorbed on Au(110), with respect to CuPc/Au(110), as estimated by Temperature Programmed Desorption (TPD). The interfacial charge transfer between FePc and CoPc, and the Au(110)-(1×2) metallic surface, has been studied by means of core-level and valence band photoemission spectroscopy. We observe a charge transfer to the first MPc layer, the appearance of interface states due to the filling of open-shell molecular empty levels located on the central metal atoms, and we estimate a lower limit for the adsorption energy of the CoPc and FePc single layers. On the other hand, the core-levels associated to the organic macrocycle (C 1s and N 1s) are less influenced by the adsorption, although the organic macrocycles contribute to stabilize the interaction process inducing a strong interface dipole.
II. EXPERIMENTAL
X-Ray Photoemission Spectroscopy (XPS) measurements of the Fe and Co 2p core-levels were carried out at the LoTUS Surface Physics Laboratory (Sapienza, University of Rome) in an Ultra High Vacuum (UHV) chamber, with a base pressure in the low 10 −10 mbar range. XPS spectra were acquired with Al K-α radiation (hν = 1486.7 eV), and electrons measured with the hemispherical analyser VG Microtech Clam-2, in constant Pass Energy (PE) mode set at 100 eV, with an overall energy resolution of 1 eV. The Binding Energy (BE) was calibrated with respect to the clean substrate by measuring the Au-4f 7/2 core-level at a BE = 84.0 eV. XPS measurement of the N-1s and C-1s core-levels were performed at the Aloisa beamline of the Elettra synchrotron radiation facility in Trieste. 22 Experiments have been done in an UHV chamber with base pressure better than 1×10 −10 mbar using a photon energy of 500 eV, with high energy-resolution of 180 meV. The binding energy scale was calibrated with respect to the Au-4f 7/2 core level at the clean substrate.
Ultraviolet Photoemission Spectroscopy (UPS) measurements were performed at the LoTUS laboratory. The highresolution-UPS spectra were collected by means of a Scienta SES-200 hemispherical analyser (energy resolution of 16 meV). The UV radiation (He Iα , 21.22 eV), was provided by a Scienta VUV-5050 monochromatic high flux source. The TPD experiments have been performed by heating the sample through a linear temperature ramp with constant heating rate β = 0.3 K/s, and the mass products of desorption were followed using a quadrupole mass spectrometer (Stanford RGA300). Due to limitations of the instrument to 300 amu, fragments of the MPc molecules originated in the spectrometer by the ionization process have been measured. In particular, also according to a previous analysis showing the most intense ones, 23 we followed the evolution of m/z = 128 amu (from the benzene and pyrrol rings).
The Au(110)-(1×2) reconstructed surface was prepared by means of several sputtering-annealing cycles (800 eV Ar + , followed by annealing at 820 K, subsequently 400 eV Ar + , annealing at 570 K). Surface cleanness and order were checked using UPS and low energy electron diffraction (LEED), respectively.
FePc and CoPc deposition was performed using homemade quartz crucibles, resistively heated up to the sublimation temperature of the molecules. The nominal thickness of the molecular films was checked using a quartz microbalance, referring to a bulk-like film with density of 1.62 g/cm 3 . Completion of first SL is achieved at a nominal coverage of about 3.4 Å, 6 and has been checked by LEED. 18 The Scanning Tunneling Microscopy (STM) images of the CoPc single-layer adsorbed on Au(110) were taken at the STM UHV apparatus connected to the ID08 (present ID32) beamline at the European Synchrotron Radiation Facility (ESRF).
III. RESULTS AND DISCUSSION
The CoPc molecules adsorbed on Au(110) form an ordered chain structure along the gold reconstructed channels, as shown in the STM image reported in Fig. 1 . We clearly Fig. 1 ), where a 0 is the Au(110) surface lattice parameter. The chain structure is driven by the underlying Au structure with a ×7 periodicity, constituted by sequences of ×4-×3 Au chains, 18 such as to allocate the molecules into the widened gold channels. This adsorption geometry is comparable to that recently observed for FePc single-layer adsorbed on the Au(110) substrate, 18 where the parallel chains showed the same arrangement observed here. A row of bare Au atoms is directly lying below the topmost molecular chains, hence the MPc molecules are in direct contact with the gold substrate. 18 The XPS Fe-2p 3/2 core level spectra for the FePc molecules adsorbed onto the Au(110) surface kept at room temperature, as a function of FePc coverage up to the formation of a 20 nm thick film (TF), are shown in Fig. 2 (left panel). XPS data taken on the FePc-TF after subsequent steps of annealing temperatures, are reported in Fig. 2 (right panel) . The core-level lineshape in the TF is characterized by a main peak centered at 708.7 eV BE, whose asymmetric lineshape can be associated to a multiplet structure due to the interaction of unpaired electrons in the photoemission final states of the Fe 2 + ion, typical of the metal-phthalocyanine and metalporphyrin molecules. [24] [25] [26] [27] At lower FePc coverages, a further peak is present at 707.2 eV, dominant at 3 Å molecular coverage.
Several approaches have been used for evaluating the multiplet structure of the Fe 2p core-level, either applying a Zeeman-like final state effect 25, 26 based on the four levels splitted m j = 3/2, 1/2, −1/2, −3/2 components of the 2p 3/2 level, or in splitted states based on their total angular momentum (J = 5/2, 3/2, 1/2). 27 The Zeeman-like approach can be adopted thanks to the rather high spin-orbit splitting (13 eV), and to the orbital magnetic moment, as measured for FePc single layer adsorbed on Au. 19 Thus, we fit the Fe-2p 3/2 J. Chem. Phys. 140, 244704 ( core-level for the 20 nm-thick FePc film using an empirically modified Zeeman-like analysis, 25, 26 which is a simplified model where the four m j sublevels are partially unresolved and modeled using two peaks centered at 708.7 and 710.4 eV. Furthermore, a broad higher binding energy satellite at 712.5 eV has been considered, in agreement with all previous observations and fitting approaches. [24] [25] [26] [27] The fitting curves are gaussian peaks with 1.4 eV full-width at halfmaximum (FWHM), taking into account both the unresolved splitting and the overall experimental resolution (1 eV). However, it is evident the rise of an interface Fe-2p component for low coverage, associated to FePc molecules directly interacting with the underlying Au atomic chains, present at the interface.
The FePc TF deposited on Au(110) has been annealed at subsequent steps at increasing temperature, up to 820 K, the highest temperature compatible with the Au(110) surface, in order to preserve the surface structure. 28 The XPS Fe-2p 3/2 core levels measured after each annealing step, are shown in Fig. 2 , right panel. The low-BE peak associated to the single-layer in direct contact with Au reappears above 600 K, and it is dominant at 820 K, while the multiplet structure of the TF is strongly reduced. These data are compatible with the desorption of the multi-layer film, which has been recently shown to take place at about 580 K, 23 while the first single-layer remains bound to the Au surface. This picture is consistent with the FePc TF constituted by a molecular film of planarly stacked face-on molecules on Au(110), as recently determined by linearly polarized x-ray absorption spectroscopy, 15 and by scanning tunnelling microscopy and low-energy electron-diffraction. bution of the density of states that mainly involves the a 1g level takes place, with its partial occupation. 17 On the basis of these considerations, the appearance of the peak at lower binding energy in the XPS Fe-2p 3/2 data when a single molecular layer or less is adsorbed on Au(110), can be explained by charge transfer and orbital mixing between the substrate and the molecule. The charge transfer could either influence the final excited state, causing a more efficient screening of the hole, 29 or could directly affect the initial state of the metal ion, involving a change in the effective oxidation state of the ion itself. The width of the interface core-level peak shown in the figures, which is mainly related to the m j splitting, is narrower (1 eV) than the width obtained for the fitted TF peaks. This feature is compatible with the general picture of charge transfer with change in the molecular spin state, 19 and consequently in the m j splitting, due to the interaction of Fe central atoms with Au. The interaction induces a strong reduction of the FePc magnetic moment values at the SL configuration suggesting a S = 1/2 configuration, as reported in Ref. 19 .
The Co-2p 3/2 core level XPS data for the CoPc/Au(110) system, as a function of molecular coverage (left panel) and desorption temperature (right panel), are reported in Fig. 3 . The CoPc-TF presents two main structures at 780.6 and 783.0 eV, associated to the partially resolved m j splitting, due to a Zeeman-like effect, as discussed for the case of FePc molecule. Also in this case, an unresolved satellite is present, at about 785.3 eV. In analogy with the FePc/Au(110) system, in the low coverage spectra a lower-BE component appears at about 778.5 eV, associated to the first CoPc layer in contact with Au. The SL-peak reappears, as a dominant peak after the thermal annealing of the CoPc-TF at 820 K. The CoPc-TF prepared on Au(110) is constituted by few layers of flat molecules 15 in perfect analogy with the case of FePc on Au(110). The smaller width (1 eV) of the interface core-level peak with respect to the TF-components (1.4 eV) can be explained by a change in the spin state of the molecules at direct contact with the Au surface. 19 The presence of both the bulk-like and interface components for the Co-2p 3/2 corelevel at the CoPc/Au(110) system, along with the SL morphology shown in the STM image ( Fig. 1) suggest that the CoPc molecules assembled on Au(110) present comparable structural configuration and interaction process as the FePc molecules. In particular, the appearance of the Co-2p corelevel interface component is a consequence of the charge transfer from the metal substrate to the out-of-plane Co-d states.
A higher adsorption energy and shorter distance to the Au(110) surface for FePc and CoPc than for CuPc, have been recently found by density-functional theory (DFT) calculations, 19 which also brought to light the charge transfer and charge density redistribution from Au to the MPc molecular orbitals. In particular, for FePc and CoPc the bonding charge involves the a 1g orbitals with the d z 2 component, while for CuPc the interfacial reorganization only partially influences the b 1g orbital. This charge redistribution takes place because the MPc molecules adsorb onto Au metal atoms at the SL coverage, 19 and these molecules are responsible of the observed chemically shifted Fe and Co 2p core-level components.
The different interaction of CuPc/Au(110) with respect to FePc and CoPc on Au(110) also leads to different adsorption energies. The adsorption energies as calculated through the central ion contribution to the bonding amount to 0.73 eV, 0.54 eV, and 0.37 eV for FePc, CoPc, and CuPc, respectively. 19 The van der Waals contribution to the adsorption energy is not considered in the calculation, but it is common to all the MPcs being associated to the organic macrocycles, even if may be stronger for FePc and CoPc than for CuPc due to the closer distance to the surface (2.7 Å, 2.8 Å, and 3.2 Å, respectively).
The adsorption energy can be experimentally determined by estimating the activation energy through a TPD experiment on the MPc layers adsorbed on Au(110). We performed a first TPD experiment on 20-nm thick films of FePc, CoPc, and CuPc, the same thickness used for the XPS experiment as a function of annealing temperature. The TPD data for the MPc TFs reported in the supplementary material 30 present a desorption peak at 570 K for all TFs, in agreement with a previous TPD experiment of FePc-TF on Au(110). 23 The desorption peak is due to desorption of the MPc multilayer, and the desorption temperature is independent from the specific central metal ion, as expected for a multilayer where the interaction is mainly driven by molecule-molecule dipolar van der Waals interaction between the molecular planes.
We now focus on the high temperature region, above the desorption of the molecular multi-layers. We report in Fig. 4 the TPD data for FePc, CoPc, and CuPc, starting from both a MPc TF (right panel) and a MPc SL (left panel) deposited on Au(110). The CuPc molecular layer presents a desorption peak at 700 K, while not any desorption peak is observed for FePc and CoPc up to 820 K, the maximum annealing temperature compatible with the Au(110) substrate stability. 28 Thus, while the FePc and CoPc SLs remain adsorbed on the Au(110) surface, the CuPc SL desorbs, demonstrating that a different interaction between these MPcs and Au(110) takes place in the SL coverage phase. Since the interaction of the molecules with the substrate is mainly driven by the charge transfer from metal states to the central metal ion, a dependence on the filling of the d-states is expected. In particular, in CuPc the d-states are filled and a lower interaction can be observed, while for FePc and CoPc characterized by partially filled d-states, the charge transfer determines a stronger molecule-substrate interaction.
The desorption temperature peaks measured by TPD allow to estimate the activation energies (E a ), by means of the Redhead approach
where T max is the temperature of the maximum of desorption peak, k B is the Boltzmann factor, β is the heating rate (0.3 K/s in the present experiment), and ν is a pre-exponential factor. 32 We assume the pre-exponential factor ν = 10 18 s −1 . Its value can depend on the molecular size and it is in general much higher for large than for small molecules, due to their internal degrees of freedom. 33 This value of ν, compatible with large aromatic molecules, 33, 34 has been chosen because it brings to an activation energy for the CuPc TF on Au(110) in agreement with the measured sublimation enthalpy of CuPc thinfilms, 34 where only van der Waals interactions ensure the film cohesion.
Within these assumptions, the estimated activation energies for the MPc TFs and SLs on Au(110) are reported in Table I .
The estimated activation energy for the TFs ( 2.3 eV) is fully compatible with a dipolar interaction between the molecular layers and with the enthalpy variation during sublimation of bulk molecular films, 34 independent from the 33 For FePc and CoPc SLs on Au(110), we estimate a lower limit for the activation energy of 3.3 eV. This high value of E a can be explained by taking into account the influence of the central metal ion, that gives the most important contribution to the adsorption energy differences. Finally, we briefly notice that, even modifying ν by two orders of magnitude, the absolute energy values would change by less than 10%, without affecting the relative energy difference between the various MPcs.
A confirm of the adsorption energy and of the moleculesubstrate interaction of the first layer of FePc and CoPc in contact with Au(110), can be obtained by analyzing the evolution of the spectral density of electronic states in the valence band (VB) energy region, as a function of temperature. The VB of FePc and CoPc TFs grown on Au(110) at RT, and after annealing at subsequent steps of temperature, are shown in Fig. 5 , left and right panels, respectively.
The MPc thin-films are characterized by intense molecular levels, the highest-occupied molecular-orbital (HOMO of a 1u character), mainly associated to π states delocalized on the pyrrole rings, and the b 2g orbital mainly associated to dlike orbitals of the central metal ion, 5 in agreement with previous experimental observations. 6 The higher BE of the b 2g orbital for CoPc than for FePc is due to the higher occupation of the d-orbitals in CoPc with respect to the FePc. 5 The MPc thin films have been annealed at increasing temperatures, the molecular orbital intensity reduces due to multi-layer desorption, which is basically completed for both molecular layers above 600 K. At the highest temperature reachable without affecting the Au crystalline surface (820 K), 28 the typical HOMO of the TF is disappeared, while an energy-shifted orbital is present at about 1 eV for both FePc and CoPc, which we attribute to an interface HOMO (HOMO if ), and a further peak (I 0 ) emerges between the HOMO if and the Fermi level. The HOMO if is at almost the same energy for both FePc and CoPc SLs and it has been attributed to the macrocycle interaction through the π a 1u orbitals with the Au d states. 6 It is worth noticing that FePc on graphene/Ir does not show a shift in the a 1u molecular orbital, 8 owing to the very low interaction of FePc with the graphene/Ir substrate. The interface I 0 peak lies at 0.21 eV and 0.73 eV eV BE for the FePc-SL and the CoPc-SL, respectively. Due to the BE-dependence on the d-state occupation of the central metal ion, the I 0 state has been related to interaction of the d z 2 orbital, which receives charge from the gold states, in the molecule-surface interaction process. 17 We also notice that an analogous interface state has been recently observed at 0.3 eV BE for FePc adsorbed on graphene/Ni, 35 where the Fe-d z 2 orbital directly interacts with the nickel states underlying graphene.
The VB data evolution is in agreement with the multilayer desorption temperature measured by TPD (580 K). 30 The estimated activation energy (2.27 eV) is in very good agreement with the activation energy obtained for MPcs multi-layer desorption from graphene/Ir (2.2-2.4 eV), where the MPc molecules also pile-up face-on onto the graphene surface. 8, 36, 37 Thus, the TF desorption temperature is independent of the central metal ion, and of the substrate, once the MPc molecules assemble in planar layers.
Electronic state mixing between the Au states and the dlike orbitals associated to the central metal ion (Fe and Co) can explain the higher adsorption energy of the FePc and CoPc molecules in the SL on Au, with respect to the lower molecule-molecule van der Waals interaction in the molecular multi-layers. The I 0 interface state in the VB of the FePc and CoPc SLs on the Au(110) substrate remains even at the highest heating temperature (820 K), which corresponds to an activation energy of 3.3 eV. 31 This fact indicates that the single-layer desorption is expected to occur at a higher temperature, incompatible with the Au(110) substrate stability. 28 The VB data of the SLs confirm the strong molecule-substrate interaction, driven mainly by the central metal Fe and Co ions. Since CuPc presents the d z 2 orbital completely filled, at contrast with FePc and CoPc, its interaction with Au(110) is weaker, and as a consequence the CuPc SL desorbs at a lower temperature from the Au(110) surface.
The interaction of FePc and CoPc on Au(110) has been further analyzed by studying the role of the macrocycle atoms, namely, N and C. The N-1s and C-1s core levels for the FePc and CoPc single-layers adsorbed on Au(110), in comparison with those from the corresponding TFs, are displayed in Figs. 6 and 7, respectively. The N-1s core level is due the photoexcitation from the two non-equivalent nitrogen atoms (N 1 and N 2 ) in the pyrrole rings and in the bridge position, respectively, in agreement with previous observations on a variety of MPcs. [37] [38] [39] [40] [41] [42] We fit the N-1s core-level with pseudo-Voigtprofiled peaks, all presenting a gaussian width of 0.19 eV (representing the overall energy resolution). The two main components with 0.4 eV energy difference, and the broad shake-up satellite structure (N s ) at higher BE, are in agreement with the literature on MPcs, 38, 41, 42 and the fit parameters are reported in Table II . The satellite structure present in the TF is quenched at the SL coverage on Au(110) and a rigid 0.4 eV energy shift of all components towards higher BE is measured for the TF with respect to the SL.
The C-1s spectra for both systems (SL and TF) presented in Fig. 7 have been fitted with five pseudo-Voigt-profiled components (0.19 eV gaussian width), associated to the carbon atoms in the benzene rings (B), in the pyrrole rings (P), to their relative shake-up satellites (B s and P s , respectively), due to the transition from the HOMO to the lowest-unoccupied molecular-orbital (LUMO). The fifth component (B v ) is related to the excitation of a vibrational mode for carbon atoms belonging to the benzene rings. 39, [42] [43] [44] Fit parameters are reported in Table III . An overall energy shift by a few tenths of eV towards higher BE is observed comparing both SLs with respect to their corresponding TFs, shift observed also for the shake-up satellites. An important issue is the reduction of the energy difference between the benzene and pyrrole components, upon going from the TF (1.37 eV) to the SL (1.07 eV), and the B-to-P intensity ratio lowering for the SLs with respect to the TFs. The structure associated to the vibrational mode (B v ) is reduced in intensity and does not present energy variation within 5% with respect to the main peak. The lineshape differences for the C-1s core-level in the FePc and CoPc SLs on Au(110) with respect to their corresponding TFs, has been previously observed in analogous systems, i.e., CoPc/Cu(111), where a comparable reduced energy difference has been recently measured between the benzene and pyrrole C-1s signals. 40 In the present case of adsorption on Au(110), the experimentally observed B-to-P energy difference in SLs and TFs (1.07 eV and 1.37 eV, respectively) can be attributed to a slight modification of the molecular configuration when the FePc and CoPc molecules are adsorbed on the underlying reconstructed Au surface. This slight distortion is compatible with the STM observation of CoPc and FePc molecules adsorbed on Au(110) in the SL coverage stage, being the central metal atom directly adsorbed onto a Au row. 16 In particular, ab initio calculations brought to light a distortion of the molecules in contact with the Au atomic rows, associated to the macrocycle bending. Indeed, two opposite phenylene rings bend up and the perpendicular ones bend down with respect to the surface, causing a breaking of the fourfold molecular symmetry. 16 This angular deformation has been previously observed for MPcs on semiconductor surfaces, 39, [45] [46] [47] where the molecular distortion induced by the substrate covalent bondings is more pronounced. This slight molecular distortion can explain the energy shift between the benzene and pyrrole components of the C 1s core-levels when the central metal atoms of FePc and CoPc interact with Au. Thus, we attribute the B-to-P energy difference in the C 1s core-level components between TF and SL (0.3 eV) to the molecular distortion upon adsorption, which mainly affects the extremal C atoms present in the distorted macrocycle, and not the N atoms. Furthermore, the overall C 1s energy shift is associated to a balance between dipolar change and charge transfer. The work function upon molecular adsorption lowers by 0.79 eV, 0.83 eV, and 0.95 eV for FePc, CoPc, 6 and CuPc, 42 respectively. The overall work function change ( ) is due to the contribution of both dipolar change and charge transfer. The present measurements, bringing to light the chemically shifted core-level components, give an explanation to those previously observed 6, 42 variations: in fact, the lower variation for FePc and CoPc than for CuPc is actually due to the charge transfer at the interface which counterbalances the surface dipole that is mainly associated to the organic macrocycles and thus almost independent of the specific MPc.
IV. CONCLUSION
The presence of metal-2p interface core-level components observed by XPS for FePc and CoPc single-layers adsorbed on Au(110), with respect to the typical 2p binding energy of their respective thin-films, gives clear indication of charge transfer involving the central metal ion interacting with the underlying gold states. TPD and photoemission measurements on MPcs adsorbed on Au(110), show that the singlelayer of CuPc (with filled d z 2 states), fully desorbs at 760 K, while the stability of the single-layers of FePc and CoPc (with partially empty d z 2 levels) on Au is demonstrated by the persistence of the single-layers up to the highest temperature reachable without affecting the Au(110) crystalline stability (820 K). Thanks to the TPD and photoemission measurements as a function of temperature, we can estimate an adsorption energy of 2.74 for the CuPc SL on Au(110), while FePc and CoPc present a lower limit of 3.3 eV. The presence of an interface state (d z 2 -like) in the valence band at FePc and CoPc SLs after desorption of the multi-layer, is a further proof of their interaction with Au driven by central metal atom. Moreover, the N and C 1s core-levels reveal the role in the interaction of the organic macrocycle common to all MPcs that contributes to the interface dipole, stabilizing the adsorption on Au(110). Aromatic oligomers like MPcs with the same organic macrocycle ensuring face-on anchorage to a metal surface, different occupation of the d-states in the central metal ion and different interaction states, may be used as potential components of a nano-scale device.
